Abstract: Improving targeting efficacy has been a central focus of the studies on nanoparticle (NP)-based drug delivery nanocarriers over the past decades. As cells actively sense and respond to the local physical environments, not only the NP design (e.g., size, shape, ligand density, etc.) but also the cell mechanics (e.g., stiffness, spreading, expressed receptors, etc.) affect the cellular uptake efficiency. While much work has been done to elucidate the roles of NP design for cells seeded on a flat tissue culture surface, how the local physical environments of cells mediate uptake of NPs remains unexplored, despite the widely known effect of local physical environments on cellular responses in vitro and disease states in vivo. Here, we report the active responses of human osteosarcoma cells to fibrous substrate topographies and the subsequent changes in the cellular uptake of NPs. Our experiments demonstrate that surface topography modulates cellular uptake efficacy by mediating cell spreading and membrane mechanics. The findings provide a concrete example of the regulative role of the physical environments of cells on cellular uptake of NPs, therefore advancing the rational design of NPs for enhanced drug delivery in targeted cancer therapy. V C 2015 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 00B: 000-000, 2015.
INTRODUCTION
Nanoparticle (NP)-based diagnostic and therapeutic agents are being considered as a revolutionary breakthrough in cancer treatments for their high targeting specificity and efficiency. Well-controlled delivery of NP-based bioagents into cancer cells can be achieved by tailoring NP size, [1] [2] [3] [4] [5] [6] shape, 7-9 surface ligand density, [10] [11] [12] [13] and so forth. Recent studies [14] [15] [16] [17] [18] evidenced that not only NP design, but also the local microenvironments are capable of modulating the cellular uptake of NPs. It has been well documented that a large variety of cell types actively sense surface topography and respond by altering their adhesion, [19] [20] [21] migration, [22] [23] [24] proliferation, [25] [26] [27] and differentiation. [28] [29] [30] Despite the intimate relations between cell function and surface topography, it remains unclear whether and how surface topography affects cellular uptake of NPs.
Since surface topography modulated cell responses were first brought into attention nearly half a century ago, 31 a large variety of topological features have emerged and been used as platforms to elicit desired cellular functions in vitro, including fibers, grooves, pillars, pits, and precisely controlled surface curvature and roughness. 26, 28, 32 Among all these topological features, the nanofibrous scaffolds may be the most physiologically relevant, considering the fibrous nature of extracellular matrices (ECMs) in vivo. The structures of ECMs vary in different tissues and undergo remodeling at different stages of development even within the same tissue, especially in cancer. 33 In vitro studies have demonstrated the capability of fibrous scaffolds in modulating cell functions. For example, it has been shown that aligned nanofibers induce unidirectional cell alignment similar to that found in native tissues (e.g., muscle, tendon, nerve and blood vessel). 34, 35 Despite the fibrous nature of ECMs in vivo, in vitro experiments on evaluating the cellular uptake of NPs thus far have exclusively involved seeding cells on essentially flat surfaces (e.g., tissue culture-treated plates and petri dishes). As a result, the role of fibrous surface topography on the cellular uptake of NPs, despite its high biological relevance, remains unknown.
Herein, we fabricate poly(methyl methacrylate) (PMMA) fibrous substrates via electrospinning. The responses of human osteosarcoma SaOS-2 cells to substrate topography, characterized by fiber density, are characterized using fluorescence microscopy, atomic force microscopy (AFM), and a time-correlated single-photon counting (TCSPC) technique. Using fluorescent polystyrene NPs with a diameter of 100 nm, we show that substrate topography regulates cellular uptake of NPs by altering the extent of cell spreading and membrane mechanics. Using pharmacological inhibitors, we demonstrate that the relative significance of myosin II and stress fibers to the cellular uptake of NPs also varies on different substrate topographies. Our results shed light on the regulatory mechanisms involved in surface topographymediated endocytosis of NPs, and therefore open a new dimension for the rational design of NP-based therapeutics with enhanced targeting efficiency.
MATERIALS AND METHODS

Substrate preparation
Completely smooth substrates were prepared by spincoating 2% PMMA (MW 120,000; Sigma-Aldrich, St Louis, MO) dissolved in nitromethane (Sigma-Aldrich) on 22 mm 3 22 mm glass slides at 2500 rpm for 15 s. Electrospinning with a stationary copper target was performed in order to generate PMMA fibrous substrates. Briefly, PMMA was dissolved in a 3:1 dimethylformamide (DMF):tetrahydrofuran (THF) solution at 25% w/v and was transferred to a 5-mL glass syringe with a 25G needle (Beckton Dickinson, Franklin Lanes, NJ). The syringe was placed on a syringe pump with the speed of pumping set to 5 mL/h. A 10 kV voltage was applied between the syringe tip and copper target and exposure time was adjusted between sparse and dense fiber deposition cases. Fibers were collected on glass coverslips placed 18 cm from the needle tip, which were precoated with 2% w/v Poly(2-hydroxyethyl methacrylate) (PHEMA; Sigma Aldrich) in 70% (v/v) ethanol through spin coating at 5000 rpm for 10 s. PHEMA prevents cell adhesion to nonfibrous regions. The desired densities of fibrous mesh were generated after 60 s and 10 s of electrospinning for dense and sparse fiber substrates, respectively. The fiberdeposited slides were then annealed by heating twice on a 120 C hot plate for 1 min each. All substrates were UVtreated for minimum 30 min for sterilization prior to in vitro experiments. Following UV sterilization, both smooth and fibrous substrates were washed extensively with growth media for 15 min to eliminate cellular toxicity from possible solvent residues.
Substrate characterization
The surface topographies of both smooth and fibrous substrates were characterized using a scanning electron microscope (FEI Quanta 200, Philips, Netherlands). The average diameter (average of at least 100 measurements) of fibers was quantified through analysis of scanning electron microscopy (SEM) images using the National Institute of Health's ImageJ software package. The stiffness of the smooth PMMA layer and PMMA fibers was measured using an AFM (NanoscopeIIIa, Digital Instruments, Santa Barbara, CA). The details of AFM tip preparation and data processing are published elsewhere. 15, 36 Cell culture The human osteosarcoma cell line SaOS-2 was purchased from American Type Culture Collection (ATCC, Manassas, VA HTB-85). Cells were grown on 15 cm tissue culture grade polystyrene (TCPS) culture dishes (Sigma-Aldrich) in McCoy's 5A essential medium (ATCC, Manassas, VA), supplemented with 15% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin-streptomycin (Pen-Strep; Invitrogen, Carlsbad, CA) at 37 C in a 5% CO 2 atmosphere with 95% humidity. When they reached 80% confluence, cells were either detached from the surface using 0.05% trypsin-EDTA (Invitrogen, Carlbad, CA) and passed for tissue culture expansion or used for further experiments.
Fluorescence microscopy
Immunostaining was performed by staining F-actin, vinculin and nucleus following a previously published method. 37 Briefly, cells were fixed for 15 min in 3.7% paraformaldehyde followed by incubation with a permeabilization buffer, 3% bovine serum albumin and 0.1% Triton X-100 in phosphate-buffered saline (PBS), for 45 min. The cells were incubated with 1:1000 dilution of vinculin primary antibody (Sigma Aldrich) at room temperature for 1 h and with 1:500 dilution of Dyelight 488 secondary antibody (Rockland Immunochemicals, Gilbertsville, PA) for 45 min with extensive washing in between. Next, actin stress fibers were fluorescently labeled by incubating cells in a 1:1000 dilution of CF 568 conjugated phalloidin (Biotium, Hayward, CA) for 30 min. Nuclei were stained by incubating cells with a 1:5000 dilution of 4 0 -6-diamidino-2-phenylindole (DAPI; Pierce, Rockford, IL) for 5 min. The stained slides were mounted using ProLong Gold antifade reagent (Invitrogen, Eugene, OR) and imaged with a Leica DM5500B microscope (Leica Microsystems, Buffalo Groove, IL) with a 633 oil immersion objective (Leica Microsystems). The sizes and circularities of cells and cell nuclei (n > 20 for each case) were quantified in ImageJ (NIH, Bethesda, MD) based on the F-actin and nucleus staining, respectively.
Cell stiffness measurements using AFM nanoindentation
The colloid probe was prepared by attaching a 5-mm sphere to the end of a triangular silicon nitride cantilever as detailed previously. 36 A multimode AFM with a Nanoscope IIIa control system and scanner-J (software version 5.31r1, Veeco Instruments, Santa Barbara, CA) was used to measure the mechanics of cells. Indentation was performed with force-volume image mode over an area of 30 lm 3 30 lm under buffer solution in a fluid cell. The images produced by this mode consist of an array of position-deflection curves and a corresponding topographic map. All force maps were acquired at a scan rate of 1 Hz and piezo ramp size of 1500 nm with an array of 32 3 32 force curves. The trigger mode was set at a relative deflection threshold of 100 nm. The Young's modulus (E) was computed from approaching force curves using a Hertzian model described previously. 38 Fluorescence lifetime measurement Cell membranes were stained with 1,1 0 -didodecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate (DiI-C 12 ; Invitrogen, Eugene, OR) at a concentration of 1.0 lM for 4-5 min at 37 C. After staining, cells were extensively washed with Dulbecco's phosphate-buffered saline (DPBS) and left in phenol-red free Dulbecco's modified eagle medium (DMEM) with 10% FBS. The fluorescence lifetime of DiI-C 12 was measured using the TCSPC technique. The system setup and theoretical basis were described in detail elsewhere. 39 The laser position with respect to the imaging system was marked by checking the photobleaching spot on a DiI-covered coverslip before each experiment. The instrument response function (IRF) was collected using a sample of 0.2 M Rhodamine 6G solution (Invitrogen, Eugene, OR), prior to the experiment. 40 The laser was positioned on each cell based on the fluorescence images under a 603 water-immersed objective (NA 5 1.20, UPlanApo; Olympus, Tokyo, Japan). Special attention was paid to make sure the photons collected were actually from the apical membrane by noting the peak in fluorescence on the top cell surface during a z-scan. The decay curves were fitted to a decay model with two exponentials. The curve fitting was performed using Fluofit software (PicoQuantGmbh, Berlin, Germany). The average value of five independent replicas of two independent experiments for each case was reported with the standard deviation.
Flow cytometry
Cells were seeded at a density of 1000 cell/cm 2 on both smooth and fibrous substrates. The medium was replaced with fresh medium containing orange carboxylate-modified fluorescent polystyrene NPs (100 nm; Invitrogen, Eugene, OR) at 0.02 mg/mL after an initial 24 h to permit cell attachment and cell-substrate interaction. Detailed information on the NPs is available at the company web site. Prior to loading, the NPs were sonicated for 15 min to break apart aggregates. Cells were incubated with NPs for 6 h to allow the cellular uptake to reach equilibrium, and then rinsed three times with PBS to remove extracellular NPs. Cells were then harvested with 0.05% trypsin-EDTA, followed by neutralizing using fresh growth medium and centrifuging at 300g for 4 min. After discarding the supernatant, the cell pellet was fixed and homogenized using 3.7% paraformaldehyde in PBS and pipetted up/ down several times until a homogenous single cell suspension was obtained for flow cytometry experiments. Intracellular fluorescence intensity was measured using a GUAVA flow cytometer with a PT-1 orange emission filter (10,000 events were collected in each measurement). The average value of three independent replicas of two independent experiments for each case was reported with the standard deviation.
Inhibition of cytoskeletal organization and contractility
We designed our inhibition experiments by following the manufacturer's protocols as well as previously published studies for various cell lines to understand endocytic transport mechanisms. [41] [42] [43] [44] Prior to each flow cytometry experiment the cellular viability and overall phenotype were confirmed under an optical microscope. Briefly, cells were seeded on both flat and fibrous substrates and cultured for 24 h as described above. Prior to loading NPs, cells were treated with either blebbistatin (Sigma-Aldrich) which inhibits the ATPase function of nonmuscle MyosinII or cytochalasin D which caps the barbed end of F-actin polymers and therefore inhibits the F-actin polymerization (Sigma-Aldrich) for 30 min at a concentration of 10 lM and 10 lg/mL, respectively. After the treatment, cells were incubated with NPs for 6 h, followed by flow cytometry to quantify cellular uptake as described above.
Statistical analysis
Data are represented as mean 6 standard deviation. Student's t-test was performed where statistical significance of the difference in means between two groups was tested. A 95% confidence level (p values <0.05) was considered to be statistically significant. Due to the non-normal distribution of the AFM data, Kruskal-Wallis one-way analysis of variance test by ranks was performed on mean Young's modulus values for statistical significance. 45 
RESULTS
For our experiments, completely flat and fibrous surfaces were prepared for cell seeding (Figure 1 ). The flat substrate was prepared by spin-coating 2% PMMA onto 22 mm 3 22 mm glass slides [ Figure 1(b) ]. To fabricate fibrous substrates, PMMA fibers were deposited onto glass slides of the same dimensions via electrospinning. The glass slides were precoated with PHEMA in order to inhibit cell adhesion on nonfibrous regions [ Figure 1(a) ]. The fiber density can be well controlled by varying the deposition time during electrospinning. The fiber densities in our studies were chosen such that multiple fibers were underneath each cell for the dense case (60 s deposition), while only a single fiber for Figure 1(c,d) ]. Our experimental settings allowed us to fabricate uniform PMMA fibers with an average diameter of 1.64 6 0.31 mm, as measured using SEM. Using AFM, the stiffnesses of the flat PMMA layer and PMMA fibers were measured, and found to fall within the range of 1.8-3.0 GPa. The comparable stiffness of the flat PMMA layer and fibers decouples the effect of surface topography from substrate stiffness. The topographies of both flat and fibrous substrates were further examined using SEM prior to cell seeding.
Prior to imaging and other treatments, cells were seeded on both flat and fibrous substrates and cultured for 24 h to allow focal adhesions to be fully developed and stabilized. Compared with cells on the flat PMMA surface, the spreading level and the size of cell nucleus on the fibrous substrates were reduced by 2.5 and 2.0 times [ Figure 2(a) ], respectively. Though the degrees of cell spreading on the dense and sparse fiber substrates remained roughly the same, the cell nuclei on the sparse fiber substrates were relatively smaller. On the flat substrates, cells did not show any preference in the direction of polarization, since all directions were topographically invariant. In contrast, cells could only spread along the fibers on fibrous substrates and therefore cell morphologies were determined by the fiber patterns. We used circularity as an indicator of the polarization level of the cells, defined by C 5 4Ap/L 2 , where A and L are the spreading area and perimeter of the cells, respectively. Note that C 5 1 corresponds to the perfectly circular shape. As the value of C approaches zero, the cell becomes highly polarized and its shape significantly deviates from a perfect circle (such as the needle-like shape). Our measurements indicated that cells on fibrous substrates were significantly less circular than those on flat substrates, especially on sparse fibers [ Figure 2(b) ]. Though cell outlines on flat substrates were more circular than those on dense fibers, the circularities of cell nuclei on flat and dense fiber substrates showed negligible difference. However, the cell nuclei on sparse fiber substrates were significantly less circular than those on flat and dense fiber substrates.
Fluorescence immunostaining was performed to visualize cell spreading and morphology in response to various surface topographies by simultaneously staining F-actin, vinculin, and cell nuclei ( Figure 3 ). Cell nuclei exhibited distinct patterns on different substrates. On the flat surface, cell nuclei were mostly elliptical with smooth boundaries, while they were more irregularly shaped due to the spatial confinement from multiple fibers on dense fiber substrates. They unidirectionally elongated along the fibers on sparse fiber substrates, forming a spindle shape. Phalloidin staining of F-actin clearly demonstrated well-aligned stress fibers within cells on the flat surface, while much thicker stress fiber bundles formed along the edges of spindle-shaped cells on sparse fiber substrates. Compared with the cells on the flat and sparse fiber substrates, fewer aligned stress fibers were formed on dense fiber substrates. Vinculin staining showed that large focal adhesion sites were formed wherever cells adhered to fibers (see white arrows in Figure 3) , indicating that fibers promote focal adhesion formation and maturation.
The distinct phenotypes of the cells inspired further examination of cell mechanics on various substrates, including the membrane tension and elastic modulus of the cells, thereby establishing the mechanics-morphology relationship. It has been reported that membrane tension is a critically important factor for the cellular uptake of NPs via endocytosis. 15 Using the time-correlated single-photon counting (TCSPC) technique we measured the membrane tension of cells on various substrates. This method has been described in details and validated elsewhere. 39, 46, 47 Briefly, a lipophilic dye (e.g., DiI) is used to stain cell membrane, which is embedded into the hydrophobic tails of phospholipids due to the hydrophobic interactions. The lifetime of the fluorescent dye after being excited by a laser is an indicator of the membrane tension level because its nonradiative decay is correlated to the extent of the dye molecule exposure to water, that is, the free area occupied by the dye molecule. The larger the free area, the higher the membrane tension, and the shorter the fluorescence lifetime of the dye. Figure 4 shows that the membrane tension of the cells grown on dense fiber substrates was lower than that on flat and sparse fiber substrates, while the cells on flat substrates were at the highest tension level.
We further measured cell moduli on different substrates using AFM. Our measurements revealed a clear difference in the overall elastic moduli between cells grown on sparse fiber substrates and those on the dense fiber and flat substrates ( Figure 5 ). The mean elastic modulus of the cells on sparse fibers was more than 25% higher than flat counterparts and more than 30% higher than the cells grown on dense fibers. Whereas the measured mean moduli for cells grown on dense fiber substrates and flat substrates differ only by 6%. According to Kruskal-Wallis significance test, 45 the differences between any two groups were statistically significant. Our analyses further show that the median moduli followed the same trend as the mean moduli, as previously described. It is worth noting the direct correlation between stress fiber formation within cells and the overall elastic modulus of the cells: the thicker the stress fiber bundles, the higher stiffness of the cells. This observation is consistent with our previous report that dense stress fibers were correlated with elastic modulus increase on fibrous topographies in osteoblasts. 48 It should also be noted that both membrane tension and stress fiber contribute to the cell moduli. The higher moduli but lower membrane tension of the cells grown on sparse fibers than those of cells on flat substrates indicate the dominant role of the stress fiber formation on the cell moduli.
We next used 100 nm carboxylate-modified fluorescent polystyrene NPs (COOH-NPs) to investigate the roles of the substrate topography on the cellular uptake of NPs. The bright and stable fluorescent signal of the NPs facilitated 15 Figure 6 shows that the cellular uptake of NPs on sparse fiber substrates was reduced by about 30% as compared with the cells on the flat PMMA substrates. Our previous theoretical analyses have revealed that both membrane tension and spreading area affect cellular uptake of NPs. 15 Our TCSPC measurements have clearly shown that membrane tension is higher on the flat surface. Therefore, it follows that the reduction in cellular uptake of NPs on fibrous substrates was caused by the reduced spreading level of the cells. Though cells displayed insignificant difference in the spreading area between dense and sparse fiber substrates [ Figure 2 (a)], the higher membrane tension resulted in lower uptake level in the cells on sparse fiber substrates. Normalizing the cellular uptake by the spreading area illustrated that the highest and lowest uptake efficiencies (per unit area) occur on dense fiber and flat substrates, respectively, which is consistent with the corresponding tension levels measured by TCSPC.
In order to investigate whether and how the substrate topography mediates the endocytic pathways, we measured and compared the cellular uptake of NPs on flat and fibrous substrates in the presence/absence of pharmacological inhibitors. Despite the possible cytotoxicity and complexity, pharmacological inhibitors provide a straightforward way to investigate endocytic pathways of NPs and have been widely used in in vitro studies. 43, 49, 50 Herein, sparse fiber substrates were adopted for our inhibition assays. We used blebbistatin, a myosin II inhibitor, and cytochalasin D, an actin polymerization inhibitor, to probe the possible roles of cell contractility and stress fiber formation in cellular uptake of NPs on different substrate topographies.
From a mechanics point of view, disrupting either cell contractility or actin polymerization decreases the cell stiffness and therefore would lower the resistance for cells to internalize NPs. However, our experiments showed that treating cells with either blebbistatin or cytochalasin D inhibited cellular uptake of NPs on both flat and fibrous substrates ( Figure 7 ). Though this result seemed to be counter-intuitive, it agrees with existing studies 51 and might be due to two possible reasons. First, treating cells with pharmaceutical drugs not only inhibits the formation of target structures but also may disrupt essential signaling and force transducing pathways that affect the overall morphology and mechanical properties of the cells; both in turn influence the cellular uptake. For example, we observed dramatic morphological change in cells in the presence of pharmaceutical inhibitors (results not shown). Second, studies have proposed the positive effects of stress fibers on endocytosis. 52 Stress fibers provide assistance for cell membrane to deform by pulling membrane inward during endocytosis and help vesicle scission to occur at the last stage of endocytosis. The cellular uptake reduction levels of the cells in the presence of blebbistatin and cytochalasin D differed on fibrous and flat substrates. The cellular uptake of cells on fibrous substrates was reduced by >30% with blebbistatin, but <15% with cytochalasin D, while both blebbistatin and cytochalasin D reduced the cellular uptake by 20% for cells on the flat substrates. This result indicates that substrate topography markedly regulates the roles of myosin II and stress fibers in the cellular uptake of NPs, wherein myosin II contractility is critical to NP uptake on fibrous substrates. , it is critically important to design nanoscale targets in concert with the physicochemical properties of the ECM to achieve optimized targeting efficiency. To date, for therapeutic purposes, the roles of substrate physicochemical properties such as stiffness of the substrate 57 and surface chemistry 58 have been investigated in regards to the cellular response. Likewise, the optimization of the physicochemical properties of the NPs for targeted delivery has been heavily studied. 59 However, the effects of the local physical environments of the cells, such as topography, on the cellular uptake of NPs are largely omitted from current literature. Our study provided clear evidence for the first time that substrate topography modifies the mechanical properties and morphologies of the cells, which in turn modulates the uptake efficiency of NPs. In particular, our results showed that seeding cells on fibrous substrates with different fiber densities alters cellular morphology and cytoskeletal organization, leading to the changes in the overall stiffness of the cells as well as membrane tension level. We found that the NP uptake efficiency changes consistently with the phenotypic and mechanical properties of the cells. Our inhibition studies showed that disrupting the acto-myosin coupling through blebbistatin and cytochalasin D inhibits the uptake efficiency, consistent with previous studies. 51 Our results further indicated that the impact of intracellular structures on the cellular uptake efficiency vary on different surface topographies. Namely, myosin II is more critical to the cellular uptake of NP on fibrous substrates than actin fibers, while the effects of myosin II and actin are on the same level on flat substrates. The mechanistic understanding on the surface topography-mediated cellular uptake of NPs opens a new dimension for the rational design of NP-based drug delivery nanocarriers for improved cellular targeting.
